Enzyme-dead mutations in the herpes simplex virus 1 UL12 gene that abolished its endo-and exonuclease activities only slightly reduced viral replication in cell cultures. However, the UL12 null mutation significantly reduced viral replication, suggesting that a UL12 function(s) unrelated to its nuclease activities played a major role in viral replication. In contrast, the enzyme-dead mutations significantly reduced viral neurovirulence in mice, suggesting that UL12 nuclease activities were critical for viral pathogenesis in vivo.
T he herpes simplex virus 1 (HSV-1) UL12 gene encodes a nuclease with both endo-and exonuclease activities and an alkaline pH optimum in vitro (1) . The UL12 amino acid sequence is well conserved in all Herpesviridae subfamilies (2, 3) . Recombinant viruses that cannot express UL12 have a 100-to 1,000-fold reduction in their progeny virus titers in cell cultures, suggesting that UL12 has a critical role in viral replication in vitro (4, 5) . The glycine and serine residues at UL12 positions 336 and 338, respectively, are highly conserved in UL12 homologues in other herpesviruses, and alanine substitutions for these conserved residues (G336A/S338A) in purified UL12 expressed in a baculovirus system abolished both endo-and exonuclease activities in vitro (3) , indicating that these residues were essential for both UL12 nuclease activities. Transfection of cell cultures with a wild-type UL12 expression plasmid efficiently complemented growth of the UL12 null mutant virus, but transfection with an expression plasmid carrying UL12 with the G336A/S338A double mutation barely complemented growth of the UL12 null mutant virus (3) , indicating that the UL12 nuclease activities were required for efficient viral replication in vitro. However, construction and characterization of a recombinant virus carrying an enzyme-dead mutation in UL12, such as the G336A/S338A double mutation, have not been reported, and therefore, the exact role(s) of the UL12 nuclease activities in HSV-1 viral replication in cell cultures has not been fully determined. Therefore, in the present study we constructed a recombinant virus carrying the G336A/S338A double mutation in UL12 and its repaired virus and characterized them together with a UL12 null mutant virus to clarify the roles of the nuclease activities of UL12 in vitro and in vivo.
Construction and characterization of recombinant viruses. YK655 (⌬UL12), a UL12 null mutant virus in which the UL12 gene was disrupted by replacing UL12 codons 70 to 375 with a kanamycin resistance gene, was constructed by the Red-mediated mutagenesis procedure using Escherichia coli GS1783 carrying pYEbac102 (6) , containing a full-length infectious HSV-1 clone, as described previously (7), except using primers 5=-GTGCCATCAAGTCCTCGTACGCGGAGGCCGTGGGGTCG CTGGGGTCCATGAGGATGACGACGATAAGTAGGG-3= and 5=-CCCCACCCCAGACGACGTCAGCTGTGGACCCGAGCTC CCATTCGCCCGATCATGGACCCCAGCGACCCCACG GCCTCCGCGTACGAGGACTTGATGGCACCAACCAATTAA CCAATTCTGATTAG-3=. YK656 (⌬UL12-repair), in which the UL12 null mutation in YK655 was repaired, was constructed by transfection of Vero (simian kidney epithelial) cells (6) with the transfer plasmid pBS-UL12 using Lipofectamine 2000 (Invitrogen) and by subsequent superinfection of the transfected cells with YK655 (⌬UL12) as described previously (8) . pBS-UL12 contained the entire UL12 open reading frame bounded by the 0.5-kbp upstream and 1.1-kbp downstream UL12 flanking sequences. To construct pBS-UL12, a 1.9-kbp DNA fragment containing part of the UL12 gene and its upstream region was amplified from pBC1012 (9) by PCR using primers 5=-GCGCGGCCGCACGACCAAAC CGACGTATTG-3= and 5=-GCCTCGAGGAGGCGGGTATGGTG GACCG-3=, and a 1.6-kbp DNA fragment containing part of the UL12 gene and its downstream region was amplified from pBC1012 by PCR using primers 5=-GCCTCGAGGACCACGGCCAGGGAA CACA-3= and 5=-GCGGTACCCAACATCCGCGGCTTCATCG-3=. These DNA fragments were then sequentially cloned into pBluescript II KS(ϩ) (Stratagene) to produce pBS-UL12. YK665 (UL12G336A/S338A), carrying the G336A/S338A double mutation in UL12, was constructed by the two-step Red-mediated mutagenesis procedure using E. coli GS1783 containing pYEbac102 as described previously (7), except using primers 5=-TACGT GTGGGGTCCTCATGGACGGTCACACGGGGATGGT CGCGGCGGCCCTGGATATTCTCGTCTGTCCAGGATGAC GACGATAAGTAGGG-3= and 5=-GGTAGCCGTGAATGTCCC GAGGACAGACGAGAATATCCAGGGCCGCCGCGACC ATCCCCGTGTGACCGTCAACCAATTAACCAATTCTG ATTAG-3=. YK666 (UL12GA/SA-repair), in which the UL12G336A /S338A mutation in YK665 was repaired, was constructed as described previously (7), except using primers 5=-TAC GTGTGGGGTCCTCATGGACGGTCACACGGGGATG GTCGGGGCGTCCCTGGATATTCTCGTCTGTCCAGGAT GACGACGATAAGTAGGG-3= and 5=-GGTAGCCGTGAATG TCCCGAGGACAGACGAGAATATCCAGGGACGCCCCGACC ATCCCCGTGTGACCGTCAACCAATTAACCAATTCTG ATTAG-3=. We sequenced the ICP8 and UL12 coding regions from the YK655 (⌬UL12) and YK665 (UL12G336A/S338A) viruses but did not detect any additional and unintended changes in these coding regions except the UL12 null and UL12G336A/ S338A mutations in the UL12 genes of the YK655 (⌬UL12) and YK665 (UL12G336A/S338A) viruses (data not shown). All viruses used in this study were propagated and titrated in 6-5 cells (4), which are permissive for UL12 null mutant viruses and were kindly provided by S. Weller. To confirm that the null (⌬UL12) mutation in UL12 had no effect on expression of its neighboring genes, UL11 and UL13, and to examine the effect of the G336A/S338A mutation in UL12 on expression of the UL12 gene, Vero cells were mock infected or infected at a multiplicity of infection (MOI) of 3 for 24 h with wild-type HSV-1(F), YK655 (⌬UL12), YK656 (⌬UL12-repair), YK665 (UL12G336A/S338A), YK666 (UL12GA/SA-repair), or R7356, a UL13 null mutant virus, which was kindly provided by B. Roizman, and analyzed by immunoblotting with antibodies to VP22 (10), ␣-tubulin (DM1A; Sigma-Aldrich), UL11 (11), UL12, and UL13. Anti-UL12 antibody was generated by immunization of a rabbit with a fusion protein of maltose-binding protein (MBP) and the N-terminal domain (codons 2 to 126) of UL12 (MBP-UL12-N) that had been expressed in E. coli and purified as described previously (12) . Mouse monoclonal antibody to UL13 was generated as described previously (13), except using TiterMax Gold (TiterMax USA, Inc.) and a fusion protein of MBP and the domain of UL13 containing codons 336 to 518 that had been expressed and purified as described above. As shown in Fig. 1A , Vero cells infected with wild-type HSV-1(F), YK656 (⌬UL12-repair), YK665 (UL12G336A/S338A), or YK666 (UL12GA/SA-repair) expressed UL12, but cells infected with YK655 (⌬UL12) did not. The level of UL12 expression in Vero cells infected with YK665 (UL12G336A/S338A) was similar to that in Vero cells infected with wild-type HSV-1(F) (Fig. 1A) . Immunofluorescence microscopy showed that UL12 was distributed diffusely throughout the nuclei of Vero cells infected with wild-type HSV-1(F) at an MOI of 10 for 12 h, as reported previously (14), and a similar UL12 localization pattern was observed in Vero cells infected with YK665 (UL12G336A/S338A) (data not shown). These results indicated that the nuclease activities of UL12 were not required for proper expression and localization of UL12 in infected cells. Furthermore, wild-type HSV-1(F) and YK655 (⌬UL12) produced similar levels of UL11 and UL13 in infected Vero cells (Fig. 1A) , indicating that the null (⌬UL12) mutation in UL12 had no effect on expression of the UL12-neighboring genes UL11 and UL13.
We then assayed the exonuclease activity in Vero cells mock infected or infected at an MOI of 3 for 12 h with wild-type HSV-1(F), YK655 (⌬UL12), YK656 (⌬UL12-repair), YK665 (UL12G336A/ S338A), or YK666 (UL12GA/SA-repair) as described previously (5, 12) . In agreement with previous reports (4, 5) , Vero cells that were mock infected or infected with YK655 (⌬UL12) did not contain a significant amount of exonuclease activity, but there was considerable exonuclease activity in cells infected by wild-type HSV-1(F) or YK656 (⌬UL12-repair) (Fig. 1B) . The level of exonuclease activity in cells infected with YK665 (UL12G336A/ S338A) was about the same as that in cells that were mock infected or infected with YK655 (⌬UL12) (Fig. 1B) , confirming that the G336A/S338A mutation in UL12 abolished UL12 exonuclease activity in infected cells. The amount of UL12 protein was measured by immunoblotting, which showed no UL12 in mock-and YK655 (⌬UL12)-infected cell lysates and a similar amount of UL12 in the other infected-cell lysates (Fig. 1C) .
Effect of the G336A/S338A double mutation in UL12 on viral replication and cell-cell spread in HEL, Vero, and A549 cells. To examine the significance of the UL12 nuclease activities in regulation of HSV-1 replication in cell cultures, we analyzed viral growth in HEL (human lung fibroblast) (15), Vero, and A549 (human lung epithelial) cells infected with wild-type HSV-1(F), YK655 (⌬UL12), YK656 (⌬UL12-repair), YK665 (UL12G336A/S338A), or YK666 (UL12GA/SA-repair) at an MOI of 0.01 for 48 h or at an MOI of 3 for 24 h and assayed total (intracellular and extracellular) progeny virus production. The A549 cells were kindly provided by Y. Kawaoka. As shown in Fig. 2A and B, the progeny virus titer in HEL or Vero cells infected with YK655 (⌬UL12) at an MOI of 0.01 was 11,000-or 14,000-fold less than that in cells infected with wild-type HSV-1(F) and 12,000-or 5,600-fold less than that in cells infected with YK656 (⌬UL12-repair), respectively. Similarly, the progeny virus titer in A549 cells infected with YK655 (⌬UL12) at an MOI of 0.01 was 880-fold less than that in cells infected with wild-type HSV-1(F) and 220-fold less than that in cells infected with YK656 (⌬UL12-repair) (Fig. 2C) . These results are in agreement with previous reports (4, 5) and further verified that UL12 was critical for viral replication in cell cultures. In contrast, the progeny virus titer in HEL or A549 cells infected with YK665 (UL12G336A/S338A) at an MOI of 0.01 was only 1.4-or 5.5-fold less than that in cells infected with wild-type HSV-1(F) and only 1.6-or 1.9-fold less than that in cells infected with YK666 (UL12GA/SA-repair), respectively ( Fig. 2A and C) . Similarly, the progeny virus titer in Vero cells infected with YK665 (UL12G336A/S338A) at an MOI of 0.01 was only 13-fold less than that in cells infected with wild-type HSV-1(F) and only 5.3-fold less than that in cells infected with YK666 (UL12GA/SA-repair) (Fig. 2B) . Thus, the G336A/S338A double mutation in UL12 had much less effect on viral replication in HEL, Vero, and A549 cells than did the UL12 null mutation, and it barely or only slightly reduced viral replication in these cells. Similar results were also obtained with HEL, Vero, and A549 cells infected with each of these viruses at an MOI of 3 ( Fig. 2D to F) .
We also analyzed plaque sizes in HEL, Vero, and A549 cell monolayers infected with wild-type HSV-1(F), YK655 (⌬UL12), YK656 (⌬UL12-repair), YK665 (UL12G336A/S338A), or YK666 (UL12GA/SA-repair) with plaque assay conditions as described previously (16) . In agreement with the growth properties of these viruses as described above, (i) YK655 (⌬UL12) produced significantly smaller plaques than did wild-type HSV-1(F) and YK656 (⌬UL12-repair) in HEL, Vero, and A549 cells; (ii) YK665 (UL12G336A/S338A) produced smaller plaques than did wildtype HSV-1(F) and YK666 (UL12GA/SA-repair) in Vero cells but larger plaques than did YK655 (⌬UL12); and (iii) YK665 (UL12G336A/S338A) produced plaques similar in size to those produced by wild-type HSV-1(F) and YK666 (UL12GA/SA-repair) in HEL and A549 cells (Fig. 3) .
Taken together, these results indicated that the UL12 nuclease activities had only a minor or no significant role in viral replication and cell-cell spread in cell cultures, suggesting that a UL12 function(s) unrelated to its nuclease activities played a major role in these viral processes.
Effect of the G336A/S338A double mutation in UL12 on viral neurovirulence in mice. To examine the significance of UL12 and its nuclease activities in HSV-1 pathogenesis in vivo, 3-week-old female mice were infected intracerebrally with 10-fold serial dilutions of YK655 (⌬UL12), YK656 (⌬UL12-repair), YK665 (UL12G336A/S336A), or YK666 (UL12GA/SA-repair) in groups of 6 per dilution. Mortality was monitored for 14 days postinfection, and 50% lethal dose (LD 50 ) values were determined by the Behrens-Karber method. These animal experiments were carried out in accordance with the Guidelines for Proper Conduct of Animal Experiments, Science Council of Japan. 1,300-fold greater than that of YK656 (⌬UL12-repair). The LD 50 values of YK665 (UL12G336A/S336A) and YK666 (UL12GA/SArepair) were 10 3.5 and 10 1.5 (data not shown), respectively, showing that the LD 50 of YK665 (UL12G336A/S336A) was 100-fold greater than that of YK666 (UL12GA/SA-repair). These results indicated that the nuclease activities of UL12 played a major role in viral virulence in mice following intracerebral inoculation.
The nuclease activities of UL12 have been thought to be important for UL12 in promoting viral replication in cell cultures, based on reports showing that (i) UL12 null mutant virus exhibited a 100-to 1,000-fold reduction in progeny virus titer in cell cultures (4, 5) and (ii) wild-type UL12 efficiently complemented growth of the UL12 null mutant virus but not of the UL12 enzyme-dead mutant (G336A/S338A) (3). A model has been proposed suggesting that UL12 in conjugation with ICP8, an HSV-1 single-strand DNA (ssDNA) binding protein, functions as a recombinase similar to the well-studied bacteriophage Red recombinase (17) (18) (19) . The Red recombinase mediates DNA strand exchange and recombination and is composed of two components: exonuclease Red␣, which shares homology to UL12, and the ssDNA binding protein Red␤ (20, 21) . The Red recombination system has been reported to play an important role in formation of the viral DNA concatemers necessary for encapsidation and production of infectious progeny virus (22, 23) . In support of this model, it has been shown that UL12 interacts with ICP8 in infected cells (24) and that UL12 together with ICP8 can mediate both a strand exchange reaction in vitro and single-strand annealing, which is one of the pathways for repairing chromosomal double-strand breaks in some cell types when these viral proteins are transiently overexpressed (19) . The formation of concatemeric viral DNA is also an essential step in HSV-1 replication (1), and therefore, UL12 and ICP8 may function as a two-component recombinase analogous to the Red recombinase and play a role in formation of viral DNA concatemers.
As described above, most of the molecular mechanisms for UL12 functions proposed so far are based on the nuclease activities of UL12. However, we have presented data here showing that UL12 nuclease activities had only a minor or no significant role in viral replication in cell cultures, indicating that an undefined activity(ies) of UL12, unrelated to its nuclease activities, played a major role. The discrepancy between the previous report showing that the UL12 enzyme-dead mutant (G336A/S338A) was not able to complement growth of the UL12 null mutant virus in Vero cells and our observation in this study that YK665 (UL12G336A/ S336A) replicated 1,100-or 28-fold more efficiently than did YK655 (⌬UL12) in Vero cells at an MOI of 0.01 or 3, respectively, might be due to poor efficiency of the complementation of growth of the UL12 null mutant virus in the previous report. It has been reported to be difficult to complement growth of the UL12 null mutant virus to wild-type levels of virus production, even in cell lines that express wild-type levels of UL12 (4, 5) , suggesting that strict regulation of UL12 expression in infected cells is required for efficient viral replication. In the previous report (3), the complementation of growth of the UL12 null mutant virus was performed essentially by transient transfection that was expected to support much less efficient viral growth than complementing cell lines, since not all cells are transfected. As demonstrated in this study, the UL12 enzyme-dead mutation (G336A/S338A) impaired viral replication in Vero cells, and therefore, the poor complementation efficiency might result in no production of infectious virus progeny.
Our present study suggested that elucidation of the mechanisms(s) by which UL12 acts in viral replication in cell cultures required characterization of a still-unidentified function(s) of UL12 that is independent of its nuclease activities. At present, we can only speculate about the unidentified function(s) of UL12, unrelated to its nuclease activities, since no functions of UL12 that explain the critical contribution of UL12 to the production of infectious progeny virus have been identified. Thus, it has been reported that the UL12 null mutation had no or only modest effects on viral DNA and protein synthesis and cleavage and packaging of viral DNA (3, 5, 25) . Whereas Shao et al. reported that UL12 was critical for efficient nuclear egress of nucleocapsids (4), Porter and Stow demonstrated that the UL12 null mutation did not greatly impair nuclear egress of nucleocapsids (25) . Interestingly, both of the groups observed that the levels of DNase-resistant viral DNAs from nuclear fractions of Vero cells infected with UL12 null mutant viruses were apparently impaired, compared to those of DNase-resistant viral DNAs from nuclear fractions of wild-type HSV-1-infected cells (4, 25) . It has been shown that viral DNA in HSV-1-infected cells that is in viral replication forms is sensitive to DNase digestion, whereas unit-length and encapsidated viral DNA is resistant to DNase digestion (4). Taken together with the report showing that the UL12 null mutation had no obvious effect on packaging of viral DNA into capsids (3), these observations suggested that capsid formation was impaired in the absence of UL12. Thus, there might be a possibility that UL12 is involved in efficient formation of capsids in infected cells. In agreement with this hypothesis, our preliminary electron microscopic analyses showed that the number of nuclear capsids in Vero cells infected with YK655 (⌬UL12) was apparently lower than that of nuclear capsids in Vero cells infected with YK656 (⌬UL12-repair) (data not shown). Further studies to unveil the unidentified function(s) of UL12 that is independent of its nuclease activities will be needed, and such studies are under way in this laboratory.
Although the nuclease activities of UL12 appeared to play only a minor role in viral replication in cell cultures, we demonstrated here that the nuclease activities of UL12 played a major role in neurovirulence in mice following intracerebral inoculation. Therefore, we note that the previously proposed functions of UL12 based on its nuclease activities may be important for HSV-1 pathogenesis in vivo. The contradiction between the minor role of the UL12 nuclease activities in viral replication in cell cultures and their important role in neurovirulence in mice was of interest, but similar observations have been observed with other HSV-1 functions. Thus, it has been reported that the kinase-dead mutation in HSV-1 protein kinase Us3 had no effect on or slightly (approximately 10-fold) impaired viral replication in cell cultures, depending on cell types (7, 26) . In contrast, the mutation in Us3 was shown to considerably (1,000-fold) reduce neurovirulence in mice following intracerebral inoculation (27) , indicating that, like the UL12 nuclease activities, the Us3 kinase activity played no or a minor role in viral replication in cell cultures, whereas the Us3 kinase activity was critical for viral neurovirulence in mice. One may argue that a host species-specific factor(s) is involved in these contradictions. However, this is unlikely, based on the observation that growth properties of YK655 (⌬UL12) and YK665 (UL12G336A/S338A) in mouse NIH 3T3 cells were similar to those in Vero cells (data not shown). Conceivably, a cellular activity(ies) that functions like the UL12 nuclease activities may exist and HSV-1 may encode UL12 to compensate for the low level of the cellular activity(ies) if that is the situation in its host cells, e.g., neurons in the brains of mice.
The HSV-1 UL12 gene encodes not only full-length UL12 but also UL12.5, an amino-terminally truncated protein that initiates at UL12 codon 127 (2, 28, 29) . Although UL12.5 retains the UL12 nuclease and strand exchange activities in vitro when expressed in a baculovirus expression system (2, 30), a recombinant virus expressing UL12.5 at the wild-type level but incapable of expressing UL12 showed viral replication and cell-cell spread in cell cultures at levels almost identical to those of the UL12 null mutant virus (2) . These results suggested that the role of UL12.5 in viral replication in cell cultures is almost negligible. However, a role of UL12.5 in viral pathogenesis in vivo has not been determined thus far. Therefore, it is possible that the reduced viral neurovirulence in mice due to the G336A/S338A mutation in UL12 was a result of the inactivation of both UL12 and UL12.5 nuclease activities.
